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Abstract:  
Controlling nanostructure from molecular, crystal lattice to the electrode level remains as arts in 
practice, where nucleation and growth of the crystals still require more fundamental understanding 
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and precise control to shape the microstructure of metal deposits and their properties. This is vital 
to achieve dendrite-free Li metal anodes with high electrochemical reversibility for practical high-
energy rechargeable Li batteries. Here, cryogenic-transmission electron microscopy was used to 
capture the dynamic growth and atomic structure of Li metal deposits at the early nucleation stage, 
in which a phase transition from amorphous, disordered states to a crystalline, ordered one was 
revealed as a function of current density and deposition time. The real-time atomic interaction over 
wide spatial and temporal scales was depicted by the reactive-molecular dynamics simulations. 
The results show that the condensation accompanied with the amorphous-to-crystalline phase 
transition requires sufficient exergy, mobility and time to carry out, contrary to what the classical 
nucleation theory predicts. These variabilities give rise to different kinetic pathways and temporal 
evolutions, resulting in various degrees of order and disorder nanostructure in nano-sized domains 
that dominate in the morphological evolution and reversibility of Li metal electrode. Compared to 
crystalline Li, amorphous/glassy Li outperforms in cycle life in high-energy rechargeable batteries 
and is the desired structure to achieve high kinetic stability for long cycle life. 
Main Text:  
Metal based anodes, such as lithium (Li) metal can lead to the highest energy density for 
rechargeable batteries, and show great promise to meet the increasing energy demand for all 
kinds of applications in the future. However, most Li metal electrodes suffer from poor 
electrochemical reversibility, which not only reduce the capacity and cycle life but also increase 
the operational safety concern. Since the properties of the Li metals (e.g. nano-/microstructure, 
surface morphology and electrochemical performance) in the rechargeable batteries are largely 
governed by the electrochemical process, it is critical to comprehend the underlying mechanism 
of Li deposition by both experimental and theoretical work, especially in the very early stage of 
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nucleation to seek better control of the Li deposition. This understanding is also vital to the 
formation of other functional materials, such as metallic glasses.  
 
To explore the behavior of metals during electrodeposition, various experimental techniques 
have been developed to capture the kinetic growing and probe the structural evolution at 
different stages and conditions. Take Li metal as an example, Fig. 1 and Table S1 display most 
of the useful tools dedicated to Li metal study at a wide range of detective spatial scale with their 
main achievements. It is worth noting that majority of them is capable of probing the 
microstructure of the Li metal, which shows a variety of morphologies (ranging from sheets to 
whiskers) depending on the applied current density, electrolyte composition and additional 
experimental conditions. Although in situ, operando microscopies allow to visualize the real-
time microstructure evolution 1, 2, 3, 4, 5, 6, 7, it is still very difficult to capture the initial stage of Li 
deposition when Li metal begins to nucleate and subsequently grow into stable microstructures. 
In order to push the detection limit to nano or even atomic scale, cryogenic protection is essential 
to minimize the beam damage, while preserving the intrinsic property and microstructure of Li 
deposits. Recently, the cryogenic-electron microscopy (cryo-EM) has been proved useful to 
study the nanostructures of Li metal and reveal the variations in its crystallinity and the structure 
of the solid electrolyte interphases (SEI) 8, 9. Such variations may significantly alter the growth of 
Li deposits and their physicochemical properties, and such an understanding has not been 
established before. A thorough understanding of the evolution of these variations at the early 
stage is thus vital to precisely control the nano-/microstructure of the electrodeposited Li metal 
and enable a high-performance anode for rechargeable Li batteries.  
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Fig. 1. Summarized experimental effort on exploring the growth mechanism of Li by different methods in a wide 
range of scale and resolution in the observation.  
 
The classical nucleation theory depicts that nuclei would appear if the embryo’s bulk Gibbs 
energy overcomes the surface energy and grow when the size of embryo exceeds the critical 
radius 10. For electrochemical nucleation, this process is driven by the charge transfer of ions 
neutralized with electrons and sustained by the mass transport of ions near the electrolyte-
electrode interface 11. Based on these principles, several models have been proposed to illustrate 
the mechanisms and kinetics of electrochemical phase formation in the initial nucleation stages, 
such as phase field model 12, heterogeneous nucleation model 13, surface nucleation and diffusion 
model 14, 15, space-charge model 16, and Li/SEI growth model 7. These models underline some 
key contributions like free energy, surface tension and overpotential, which are macroscopic 
properties determined by the experiments but become ambiguous when dealing with a nucleus 
that only comprises a few atoms. These properties also do not describe the atomic interactions, 
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attachment and detachment kinetics to small clusters with sufficient details to delineate different 
nanostructure configurations, which is urgently required to develop microscopic and even 
atomistic models to understand the Li nucleation and growth.  
 
Herein, we applied cryogenic-transmission electron microscopy (cryo-TEM) to capture the 
kinetic progression of nucleation of Li metal and use reactive-molecular dynamics (r-MD) 
simulations to understand the atomic interaction inside. The cryo-TEM imaging revealed that a 
phase transition from amorphous, disordered states to a crystalline, ordered one occurs as a 
function of current density and deposition time. The fact that amorphous or glassy Li deposits 
can be obtained at room temperature with very slow deposition rates (e.g. 0.1 mA cm-2) is in 
stark contrast to conventional wisdoms that believe only possible with extreme conditions such 
as very high quenching rates (e.g. >106 K s-1) 17. The r-MD simulations provide the explanation 
regarding kinetic pathways for nucleation and the associated amorphous-to-crystalline (disorder-
to-order or second-order) phase transition. We found that the incubation time for the 
condensation and phase transition varies with canonical ensemble size (S), as well as mass and 
energy transfer rates between the ensemble and the neighboring environment. On this basis, the 
crystallinity of nuclei was correlated with the subsequent growth of the nanostructure and 
morphology that are pertinent to the electrochemical performance of the Li metal electrode. For 
instance, the amorphous or glassy Li nanostructure is beneficial to form columnar Li metal 
grains with high coulombic efficiency (CE), which could be controlled by several synthesis 
strategies including the electrolyte design. These findings not only deepen the understanding of 
the Li deposition kinetics and mechanisms at the atomic scale but also enlighten the possibility to 
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control the nano-/microstructure of the electrochemically deposited Li (EDLi) to enable high-
performance rechargeable Li batteries.   
 
Cryo-TEM Observations 
The cryo-TEM results (Fig. 2 and Fig. S1 18–Fig. S9) show the nano- and microstructure 
evolution of EDLi as a function of deposition time (5–20 min, Fig. S3 and Fig. S4) and current 
density (0.1–2.5 mA cm−2, Fig. S7). At 0.5 mA cm−2, although the deposition time was as short 
as 5 min, tubular EDLi was formed about 200 nm in diameter and >1 µm in length (Fig. S3). 
Interestingly, no lattice fringes (Fig. 2A and Fig. S4A-D), nor characteristic bright diffraction 
spots/rings of the body-centered cubic (bcc) Li metal packing in the Fast Fourier transformed 
(FFT) image (Fig. 2D) were found, suggesting that the EDLi is amorphous or glassy. The local 
structure in Fig. 2A also displays the disordered arrangement of Li atoms (comparison to those in 
Fig. 2C). The metallic nature of EDLi is confirmed by the electron energy loss spectrum (EELS) 
in Fig. S5 and electrochemical reversibility (Fig. S6) 19. At 10 min, a small portion of EDLi near 
the surface became crystalline (Fig. 2B and Fig. S4E-H) as evident by the characteristic bright 
diffraction spots (labeled by the white circles) in Fig. 2E with weak contrast. Lattice fringes were 
present in this region (Fig. 2B) and the distance between the adjacent fringes was measured to be 
0.246 nm, which corresponds to the spacing between Li (110) planes. It is worth noting that the 
domain of the crystalline EDLi (shown by the white dash line) is about 5 nm in size, a size the r-
MD simulation predicted the transition to the crystalline phase is eminent and spontaneous. The 
degree of crystallinity of the EDLi is further enhanced with increased deposition time. For 20 
min, large crystalline domains (>50 nm) and intense characteristic bright diffraction spots of the 
bcc structure were present (Fig. 2C, F, and Fig. S4I-L). Thus, at the same deposition rate, as the 
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deposition time increases more Li atoms aggregate to form larger embryos. Once an embryo is 
larger than a critical size, the amorphous-crystalline phase transition occurs.  
 
 
Fig. 2. Nanostructure evolution of Li deposit as a function of deposition time and current density. TEM images (A-C 
and G-I) and their corresponding FFT patterns (D-F and J-L) of the Li deposits at 0.5 mA cm−2 for 5 min (A and D), 
10 min (B and E) and 20 min (C and F), 0.1 mA cm−2 for 25 min (G and J), 1.0 mA cm−2 for 2.5 min (H and K) and 
2.5 mA cm−2 for 1.0 min (I and L). 
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Further studies of the nano- and microstructure dependence on current density (Fig. 2G-L for 
constant capacity and Fig. S7), we found that the higher the current density was used, the larger 
the embryo size and the higher the degree of crystallinity in EDLi (the statistical analysis is 
shown in Fig. S8). The EDLi is mostly amorphous at 0.1 mA cm−2 (Fig. 2G, J, and Fig. S7A, E, 
I, and M), partly crystalline at 1.0 mA cm−2 (Fig. 2H, K, and Fig. S7C, G, K, and O) and highly 
crystalline at 2.5 mA cm−2 (Fig. 2I, L, and Fig. S7D, H, L, and P). The crystalline domains of 
EDLi at 1.0 mA cm−2 were found near the surface (labeled by the red square in Fig. S7C) and 
about 5 nm in size (labeled by the white dash line in Fig. 2H), which is similar to the EDLi at 0.5 
mA cm−2 for 10 min (Fig. 2B). These results suggest the following: (1) the embryo size is key to 
the second order phase transition, (2) matured crystallites are often larger than 5 nm, and (3) the 
embryo size is sensitive to the current density. Thus, the high current densities expedite the Li 
aggregation to precipitate the crystalline nuclei. This result implies the diverse local current 
density may lead to a wider distribution of Li embryo sizes with different degrees of crystallinity 
and domain sizes, as shown in Fig. S3C and F. In contrast, at 0.1 mA cm−2 (Fig. S3A and D). 
 
Obtaining amorphous or glassy EDLi at low current densities is a surprising and counter-
intuitive result 20 because it is often considered to require extreme processing conditions (e.g. 
extremely fast quenching rates) to produce amorphous metals. At lower current densities, as the 
conditions are less polarized and supposedly closer to equilibrium, a stable crystalline phase 
would be expected.  
 
Reactive Molecular Dynamics Simulations 
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To understand this peculiar amorphous nature of the EDLi, a three-stage r-MD protocol was 
used to simulate the nucleation process with a variety of discrete canonical ensembles and 
conditions typically comprising (1) heating at 500 K for 0.1 ns to provide sufficient driving force 
for the nucleation, (2) quenching to 300 K with a cooling rate of 1 K ps−1, and (3) equilibrating at 
300 K for 5 ns (Fig. 3A). The reactive force field ReaxFF potential 21 was used to simulate the 
Li-Li interactions and LAMMPS package 22, 23 to perform all simulations (Fig. S10-14) 24, 25, 26, 27, 
28. It is worth mentioning that in the heating and quenching stage, the nucleation sites 
dynamically evolved into more stable embryos, as Ostwald ripening explains (Fig. 3A) 29. Such a 
condensation process requires a specific “incubation time” to give the birth of a stable embryo, 
which is overlooked by the quasi-equilibrium models including the classical nucleation theory or 
density function theory to date. Intriguingly, all embryos studied here were disordered at the end 
of quenching, far away from the stable, ordered crystalline state. Thus, the incubation and 
condensation process is key to dictating the time to reach a stable lattice structure, depending on 
the ensemble size and the initial energy state given (Fig. 3B-D and Fig. S10).  
 
Fig. 3B illustrates a sampling of the lattice structure of Li embryos as a function of embryo size 
at the end of the simulation. Lithium embryos with >700 Li atoms in the ensemble (at a packing 
density of ρ = 0.0534 g cm−3) are able to transform into a nucleus with the bcc lattice structure, 
whereas those <700 Li atoms remain disorder/amorphous. Embryos of 700 Li atoms exhibit 
either amorphous or crystalline states with a broad range of kinetic pathways and incubation time 
(Fig. 3C). Thus, embryo of 700 Li atoms, a size about 2-3 nm, sets the threshold for the 
amorphous-to-crystalline phase transition. Increasing the current density yields larger embryo 
size, which rapidly reduce the incubation time for this secondary phase transition (Fig. 3C) and 
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increase the fraction of bcc ordered/crystalline Li in the lattice (Fig. 3D). If the current density is 
lower than a threshold, the incubation time for the phase transition is on the order of ns; such 
long incubation time at low current densities to yield the crystalline phase is rarely emphasized 
by the classical nucleation theory 30, 31.  
 
Fig. 3. MD simulation of the nucleation process of Li metal. (A) An example of the Li nucleation, growth and 
kinetic pathway to an embryo with an ensemble of 700 Li atoms. (B) A sampling of the final state of various sizes of 
embryos at the end of the simulation (5.3 ns). (C) Incubation time to second order phase transition as a function of 
ensemble size. (D) A fraction of Li atoms in bcc lattice arrangement as a function of ensemble size. 
 
As Li aggregates, the incubation and physical spatial confinement from the neighbouring bodies 
shall determine if an embryo has sufficient exergy (primarily entropy), mobility and time to carry 
out the disorder-order transition. Fig. S11 illustrates the variability in the kinetic pathways and 
temporal nanostructure evolutions in terms of packing density, mass and energy exchange. At a 
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low packing density of 0.0534 g cm−3 (Fig. S11A), whether mass or energy exchange was 
confined or not, the Li aggregation produces mostly amorphous phases. As the current density 
increases, the packing density of Li atoms shall increase in proportion (Fig. S11B-D and Fig. 
S8). Further confinement in mass and energy exchange shall expedite the phase transition and 
shorten the incubation time. Diverse kinetic results shall determine the microstructure and 
morphological evolutions: from spherical amorphous nanostructures of a random distribution of 
sizes to a host of microstructures of diverse crystallinity, including sheets and rods that comprise 
amorphous nanostructures (Fig. S11A and amorphous part of Fig. S11B), mixtures of crystalline 
nanostructures of various sizes and shapes (crystalline part of Fig. S11B and C), and connected 
networks of micro-grains and micro-pores (Fig. S11D). Such a dynamic range of atomic lattice 
arrangements further affects the subsequent larger size microstructure evolutions, crystallinity, 
and morphological and shape changes in a solid particle. A larger scale (in the 100 nm) of 
simulation and representation of this behavior is shown in Fig. S14. On the other hand, 
manipulating the mass and energy exchange is able to control the size and property of the Li 
deposits in order to achieve high-performance application.   
 
From Nucleation to Growth  
The microstructure and morphology of the Li deposited to 1 mAh cm−2 loading were examined 
by SEM and cryo-TEM. The results are shown in Fig. 4 and found consistent with the simulation 
predication. Most of the Li metals grown at 0.1 mA cm−2 have sheet-like morphology and their 
planar size can be as large as several micrometers (Fig. 4A, D and G). This large sheet is 
originated from the amorphous nature of the Li nuclei, which mostly remained at the end of the 
growth (Fig. 4J). In contrast, the Li metals grown at 0.5 and 2.5 mA cm−2 contain about 30% 
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(Fig. 4K) and 80% (Fig. 4L) crystalline fragments respectively, of which the distribution is 
highlighted in the gold color. The crystalline Li (c-Li) fragment at 0.5 mA cm−2 is sandwiched 
between the surface SEI and the amorphous bulk Li (a-Li) (Fig. 4K), while the c-Li dominates 
the Li deposits at 2.5 mA cm−2 (Fig. 4L). As a result, ribbon- and even dendrite-like Li deposits 
are formed at 0.5 (Fig. 4B, E and H) and 2.5 mA cm−2 (Fig. 4C, F and I) with rapidly reduced 
planar diameter. Thus, it is reasonable to correlate the microstructure and morphology of Li 
deposits with the order-disorder nanostructure of the Li nuclei: the higher the crystallinity, the 
finer the final shape. The initial nucleation shapes the subsequent growth of the Li metal 
deposits.   
 
Strategies and Applications  
For a practical rechargeable Li battery, dense Li deposits with high electrochemical reversibility 
are highly demanded to achieve approaching 100% utilization of active Li, confine the infinite 
volume expansion and reduce the safety hazard caused by the Li dendrite and dead Li 32, 33. In 
this regard, glassy Li deposits are preferred and outperform the crystalline counterpart not only 
because of forming large size of Li deposits (Fig. 4) but also due to its higher Coulombic 
efficiency (CE), as evidenced in Fig. S6. The average CE at 0.1 and 0.5 mA cm−2 in the first 100 
cycles is 95.0% and 91.5%. In contrast, at 2.5 mA cm−2, the CE is unstable and drops below to 
50% in the first 20 cycles. Therefore, glassy Li metal is also beneficial to enhance the 
electrochemical reversibility of the Li metal electrode.   
For the well-known metallic glasses, the absence of the ordered nanostructure, grain boundaries 
and crystal defects endows them many interesting and unique properties, such as high 
mechanical strength, high elastic modulus, and biocompatibility 34. As a new member of metallic 
Submitted Manuscript: Confidential 
glasses, the distinctive properties of glassy Li metal are waiting to be explored. Herein, the 
benefits of glassy Li metal as a rechargeable Li battery anode are illustrated in Fig. 5. The glassy 
nature (absence of the ordered nanostructure, grain boundaries and crystal defects) of Li metal 
avoids the epitaxial growth and enables the multi-dimensional growth into large grains, which is 
the desired form for a practical Li metal anode. The Li grains have the higher density, lower 
porosity and tortuosity, less reactivity and better microstructure interconnections than the 
dendrites. These features can significantly minimize the volume expansion, reduce the side 
reaction between Li and electrolyte, and maintain an effective electronic and ionic network or 
percolation pathway. As a consequence, a higher electrochemical reversibility would be expected 
for glassy Li. Therefore, from a structural perspective, glassy Li metal may be the key to solve 
the long-standing cyclability issue of Li metal electrode for high-energy rechargeable Li 
batteries. 
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Fig. 4. Microstructure and morphology of Li deposits after 1 mAh cm−2 plating. SEM (A-F) and cryo-TEM images 
(G-L) of the Li deposits at 0.1 mA cm−2 for 10 hours (A, D, G and J), 0.5 mA cm−2 for 2 hours (B, E, H and K), and 
2.5 mA cm−2 for 0.4 hours (C, F, I and L). 
 
As demonstrated above, the amorphous-to-crystalline phase transition is regulated by the packing 
density, energy and mass transfer during nucleation process, which in turn provide the ways to 
facilitate the formation of favorable glassy Li metal. Reducing the current density down to the 
critical point will directly decrease the initial packing density and facilitate a longer incubation to 
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form disorder structure. An alternative way is to use the three-dimensional (3D) substrate 
(current collector) to reduce the effective local current density. Meanwhile, fast ion and electron 
conduction is advantageous for minimizing the mass and energy transfer during nucleation and 
growth process, which requires electrolyte design and interphase engineering. These strategies 
have been proved effective to obtain larger grains of Li with enhanced reversibility, although 
prior art has not been able to correlate the intrinsic nature of amorphous or glassy Li with the 
improved performance. Herein, we provide a microscopic perspective on the working principle 
of these strategies and propose that they could actually alter the nano- and microstructure of the 
Li deposits.  
 
Fig. 5. Correlation between crystallinity of Li metal and performance (left) and strategies (right) to achieve better 
performance.   
 
As a proof of concept, Fig. 6 shows that the electrolyte design indeed have dramatic influence on 
the bulk lattice structure (Fig. 6C-E) of the Li deposits during nucleation and growth, which in 
turn regulates the final morphology (Fig. 6A and B) and electrochemical performance (Fig. 6F). 
Statistical analysis results (Fig. 6C) indicate that the advanced electrolyte is in favor of forming 
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amorphous Li deposits (~76.8% a-Li vs. 23.2% c-Li), while the crystalline ones (~48.4% a-Li vs. 
52.6% a-Li) are dominant in the baseline electrolyte. For their nanostructure, the lattice structure 
is predominant disorder in the former (Fig. 6E), but a mixture of order and disorder segments 
appeared in the latter (Fig. 6D); whereas both display similar surface SEI structure (~10 nm thick 
and composed of Li2O nanocrystals; black regime). This result demonstrates that it is the 
intrinsic nanostructure property of Li that governed the final shape and performance of the Li 
metal anode. As a result, long and thin ribbon-like Li deposits (Fig. 6A) were formed in the 
baseline electrolyte while large Li chunky deposits found in the advanced electrolyte (Fig. 6B). 
Their electrochemical performance was compared by using Cu||NMC-333 cells. A Li-free anode 
cell configuration with only Li source comes from the cathode was used in the experiments, 
which is the ideal construction to achieve the highest energy-density batteries. Under this harsh 
condition, the cycle life of the cell is mainly dominated by the reversibility of the Li anode. As 
shown in Fig. 6F, the cell with baseline electrolyte fails (where the capacity drops to 0 mAh g-1 
based on the weight of NMC-333) quickly within five cycles. By contrast, the advanced 
electrolyte-based cell lasted for more than 50 cycles with a capacity retention of 59.2%, higher 
than any state-of-the-art reports (Table S2). This result further proves that the glassy Li metal is 
beneficial to achieve the best electrochemical performance for high-energy rechargeable Li 
batteries.   
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Fig. 6. The influence of electrolyte on the nano and micro structure of Li deposits and the resultant performance. 
Nano (D and E) and microstructure (A and B) of Li deposits from baseline electrolyte (A and D) and advanced 
electrolyte (B and E); statistic distribution (C) of amorphous Li (a-Li) and crystalline Li (c-Li) in two electrolytes; 
the cycling performance comparison (F) of two electrolytes by using Li-free anode Cu||NMC-333 cells.  
 
Discussion  
A combination of the cryogenic microscopic observations and molecular level simulations 
presents an explicit picture of dynamic structural and morphological changes of Li deposits from 
the atomic scale to a microscale particle for the first time. Depending on the atomic interaction 
during the initial nucleation (e.g. packing density, mass and energy transfer), the nanostructure of 
Li nuclei can vary from disorder to order, which eventually shape the final microstructure and 
affect the performance. These results from the electrochemical deposition of Li are quite 
different from those nucleated from vapor or liquid phase condensation as described in the 
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contemporary nucleation theory (CNT) based on statistical thermodynamics, of which the 
nucleation rate is independent of time and threshold size 30, 31, 35. In contrast, by tracking the real-
time atomic interaction over wide spatial and temporal scales rather than averaging them as used 
in the CNT, our r-MD results suggest that the condensation process (from initial nucleation to a 
matured embryo) requires sufficient exergy (primarily entropy), mobility and time to carry out. 
This is indeed dependent of nucleation rate, incubation time and physical spatial confinement 
from the neighbouring bodies. These variabilities give rise to different kinetic pathways and 
temporal evolutions, resulting in diverse degrees of order/disorder nanostructures and their 
dominance in shaping the morphology, defect formation and performance of the Li metal 
electrode. To further illustrate this aspect, Fig. 7 provides an interesting simulation how 
deposition rate affects the morphology evolutions and kinetic variations in shaping the surface 
landscape and defect formation in the bulk. At a higher rate (Fig. 7A), less incubation time could 
afford a more stabilized growth of c-Li in the EDLi to create larger domains and microstructure, 
resulting in rougher surface and a significant amount of defect formation from dislocations, voids 
to grain boundaries. As the Li deposition rate decreases, smoother surface and less defects in the 
bulk developed in the microstructure and morphology.  
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Fig. 7. Simulated results of a Li deposition at three different rates: 1 Li ps−1, 0.5 Li ps−1, and 0.2 Li ps−1.  
 
For rechargeable Li batteries, glassy Li has been proved to possess the desired nanostructure 
since it facilitates the formation of large Li grains and achieve high Coulombic efficiency. The 
absence of the order nanostructure and grain boundaries enables Li metal to grow along multi-
dimensions rather than the epitaxial manner, and maintain good structural connection and 
reversibility during plating and stripping. Tuning the temporal and spatial confinements in mass 
and energy transfer by different strategies could help to obtain glassy Li metal deposits. These 
strategies could include methods to lower current density, design advanced electrolyte 
composition and use 3D current collector. These strategies are able to alter the bulk 
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microstructure of Li metal electrode and obtain chunky Li grain structures with improved cycling 
performance.  
Amorphous metals or metallic glasses are attractive as a class of advanced functional materials 
for applications in different technological areas and the scientific explorations on the glass 
formation and glassy phenomena need more attention 17, 20, 34, 36. Conventional metallic glasses 
are made by alloying more than two metals especially transition metals by fast quenching (e.g. 
>106 K s−1) 17. No one before us has succeeded in synthesizing metallic glasses with a single 
component and with very reactive alkali metals. This work demonstrates that electrochemical 
deposition is a powerful and effective method to obtain such amorphous metals. More 
importantly, the properties of such amorphous metals, amounts, and particle sizes and 
distributions could be tuned by adjusting the current density and deposition time through 
optimization. These new amorphous active metals will definitely open new opportunities to 
various applications besides the metallic glasses and energy storage fields, including 
biomedicine, nanotechnology, and microelectromechanical systems. 
This amorphous-crystalline phase transition is common in many other electrochemically 
deposited metals, including Na, K, Mg and Zn (Fig. S15-18). As shown in Fig. 8 and Fig. S16, 
amorphous Na, K and Zn metals were obtained at 0.1 mA cm−2 for 25 min since none of their 
characteristic lattice structure is present in their nanostructures (Fig. 8A-D) and the 
corresponding FFT patterns (Fig. 8E-H). A small portion of the deposit became crystalline (Fig. 
8I, J, L, M, N, and P) when the current density is increased to 0.5 mA cm−2. The ordered 
structures of the Na, K, and Zn metals are highlighted in Fig. 8I, J, and L, respectively, which 
match well with the metallic Na (bcc), K (bcc) and Zn (hcp) lattice structure. Similar results were 
found in Mg, although Mg seems to yield the crystalline phase more easily than other metals. 
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Part of the Mg deposit is crystalline at 0.1 mA cm−2 for 25 min (Fig. 8K and O) while it is nearly 
amorphous at 0.05 mA cm−2 for 10 min (Fig. 8C and G). We should note that the observation of 
Mg in amorphous phase at the low deposition rate and short duration is of great surprise. It is 
because theoretical calculations suggest that it is difficult to obtain amorphous phases in the fcc 
lattice structure 37, 38. It is also worth noting that all the metals have a similar size of crystalline 
domains (labeled by the white dash line in Fig. 8I-L), which is on the order of 2-5 nm. These 
results suggest that these metals follow a similar nucleation mechanism during electrochemical 
plating. The metallic nature of these deposits is confirmed by reversible stripping (Fig. S17) and 
EELS spectra (Fig. S18). The r-MD simulations showed broad relevance in explaining and 
understanding such a common theme in nucleation and second-order phase transition 
phenomena.  
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Fig. 8. Nanostructure evolution of Na, K, Mg and Zn deposits as a function of current density. TEM images (A-D 
and I-L) and the corresponding FFT patterns (E-H and M-P) of Na at 0.1 mA cm−2 (A and E) and 0.5 mA cm−2 (I 
and M), K at 0.1 mA cm−2 (B and F) and 0.5 mA cm−2 (J and N), Mg at 0.05 mA cm−2 (C and G) and 0.1 mA cm−2 
(K and O) and Zn at 0.1 mA cm−2 (D and H) and 0.5 mA cm−2 (L and P). The crystalline portion of the Na, K, Mg 
and Zn deposits are labeled by the white dash lines.  
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Conclusion 
From careful cryo-TEM observations and r-MD simulations, as we deviated from the classical 
nucleation theory and statistical volume- and time-averaging approach, we gained much insight 
into a truthful understanding of the nucleation process of metal deposition in the kinetic regime. 
A phase transition from amorphous, disordered states to a crystalline, ordered one occurs during 
electrochemical deposition, which is a function of current density and deposition time. The r-MD 
simulations indicate that the condensation process (from initial nucleation to a matured embryo) 
requires sufficient exergy, mobility and time to carry out, which give rise to different kinetic 
pathways and temporal evolutions, resulting in different degree of order/disorder nanostructure 
and their dominations in shaping the morphology and performance of Li metal electrode. Both 
experimental and computational results suggest that the critical size for amorphous-to-crystalline 
transition is around 2-3 nm. Compared with crystalline Li, glassy nuclei are more beneficial to 
form columnar Li deposits and achieve higher electrochemical reversibility for rechargeable Li 
batteries, which can be tuned by different control strategies, such as advanced electrolyte design. 
These findings not only deepen the understanding of mechanisms and kinetics of 
electrodeposition especially at the atomic scale, but also enlighten the potential of regulating and 
controlling the nano- and microstructure of metal electrodeposits to achieve high-performance 
for many other practical applications.  
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